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Abstract

Structure-based drug design (SBDD) is a prominent method in rational drug development and 

has traditionally benefitted from the atomic models of protein targets obtained using X-ray 

crystallography at cryogenic temperatures. In this perspective, we highlight recent advances 

in the development of structural techniques that are capable of probing dynamic information 

about protein targets. First, we discuss advances in the field of X-ray crystallography including 

serial room-temperature crystallography as a method for obtaining high-resolution conformational 

dynamics of protein-inhibitor complexes. Next, we look at cryogenic electron microscopy 

(cryoEM), another high-resolution technique that has recently been used to study proteins and 

protein complexes that are too difficult to crystallize. Finally, we present small angle X-ray 

scattering (SAXS) as a potential high-throughput screening tool to identify inhibitors that target 

protein complexes and protein oligomerization.
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Introduction

The development of new drugs to treat human disease has become increasingly expensive, 

with cost estimates ranging from $985 million to over $2.6 billion1–2. This has enhanced the 

need for high-throughput, low-cost screening methods that can be adapted for broad use. Out 

of this need, protein structure-based drug design (SBDD) has evolved into a prominent 

method in drug development, taking advantage of the advancement of computational 

methods for high-throughput ligand docking2–4. This method which relies on the use of 

a high-quality 3D structure of the protein target, has been further enhanced by the rapid 

growth of the Protein Data Bank (PDB). The PDB has grown over the past decade to over 

190,000 macromolecular 3D structures deposited as of May 2022, compared to less than 

90,000 structures available at the end of 20125. In this perspective, we review emerging 

experimental techniques in protein structural biology that can be used to drive rational 

drug design. First, we discuss high-resolution techniques including room-temperature X-ray 

crystallography methods that can probe protein structural dynamics not readily detected 

by traditional cryocooling methods, and single particle-cryogenic electron microscopy 

(cryoEM) which can resolve structures of membrane proteins and large protein complexes 

not amenable to protein crystallization. Then, we highlight small angle X-ray scattering 

(SAXS) as a potential high-throughput screening tool to measure the ability of inhibitors to 

influence protein conformational changes and oligomerization.
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X-ray crystallography

The majority of protein atomic models obtained experimentally have been determined 

using macromolecular X-ray crystallography, which constitutes greater than 85% of the 

structures deposited in the PDB. Hence, SBDD has been accomplished primarily using 

protein structures obtained by cryogenic X-ray crystallography. In this method, protein 

crystals are grown from homogeneous protein preparations in a laborious process that 

relies on a trial-and-error screening of hundreds to thousands of crystallization conditions 

to identify a condition yielding protein crystals that diffract to high resolution6. Ligands, 

such as small-molecule drugs, can be introduced to the protein through co-crystallization 

or by soaking into preformed protein crystals7. Traditionally, the crystals are then manually 

harvested, transferred into a cryoprotectant solution, and finally preserved in liquid nitrogen. 

X-ray diffraction patterns from the crystals are then collected at either a home-source or 

a synchrotron, typically under cryogenic conditions to protect against radiation damage. 

With advancements in the automation of the data collection process at synchrotron light 

sources around the world, this technique is capable of producing much higher throughput 

than cryoEM and consistently results in higher resolution atomic models, with about 55% of 

all cryoEM maps deposited to the PDB in 2021 achieving a resolution of better than 3.5 Å, 

compared to approximately 98% of X-ray crystallography structures5. However, cryogenic 

X-ray crystallography works best with large (100 micron or larger), single crystals, which 

can be difficult to grow; thus, protein crystallization is often the bottleneck for X-ray 

crystallography studies. Additionally, freezing the crystals at cryogenic temperatures traps 

the protein in a single discrete conformation and removes the flexibility that proteins 

maintain within the crystal lattice8. The use of cryoprotectants to protect the crystal from the 

freezing process can also impact the quality of diffraction, limiting the final resolution of the 

protein structure.

To overcome the loss of information from cryo-cooling and the need to produce large, 

single crystals, investigators have turned to room temperature crystallography, which has 

been re-popularized with the advent of serial crystallography at X-ray Free Electron 

Lasers (XFELs). XFELs deliver extremely high X-ray flux in ultrashort pulses (10s of 

femtoseconds), which enables collection of high quality, near damage-free diffraction 

patterns even from microcrystals that are 10 microns or smaller9. The XFEL pulse, however, 

destroys the microcrystal, so fresh sample needs to be provided for each subsequent X-ray 

pulse. This is primarily achieved through the use of a Gas Dynamic Virtual Nozzle (GDVN) 

which uses a helium gas sheath to produce a thin liquid jet (<10 um) to carry fresh 

crystals for each XFEL pulse10. During each X-ray interaction, an individual microcrystal 

is randomly oriented and gives rise to a partial diffraction pattern, and data from many, 

randomly oriented crystals are combined to give a full dataset. Microcrystals are typically 

grown via batch crystallization and crystal seeding is becoming increasingly common to 

boost crystal density and quality11.

Due to the achievements of serial crystallography at XFELs and advancements in third-

generation synchrotron sources, microfocus beams, and fast frame-rate detectors, much 

effort has been expended to develop serial crystallography at synchrotrons. Different sample 

delivery methods are needed to accommodate the longer X-ray exposure times required at 
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synchrotrons to accrue sufficient flux to produce high quality diffraction patterns. There 

are two main categories of sample delivery methods: moving target and fixed target. The 

moving target approach has many varieties, including viscous jets and tape-drive methods, 

but both serve to continuously supply new crystals to the X-ray interaction region12–13. The 

fixed target approach involves pipetting, or directly growing, microcrystals onto different 

types of sample supports. There are many types of fixed target chips, including those made 

from silicon, polymer, and polyimide, but they largely employ the same approach: a micro-

focused X-ray beam raster scans across the support and collects hundreds to thousands of 

diffraction images14–17. Some fixed target approaches also involve oscillating the chip to 

maximize the amount of information collected from each crystal. The scaling, filtering, and 

merging of these diffraction patterns results in a complete dataset. This high throughput 

technique is ideal for small crystals (10s of micron) and typically only requires a small 

amount of sample (~10uL of crystals), which makes it an ideal method for SBDD and initial 

screening of drug binding.

The use of room temperature fixed target serial crystallography has been successful in 

identifying structural changes in inhibitor compounds that helped explain differences in their 

potency that eluded detection by traditional cryo-cooled crystallography. For example, the 

mitochondrial enzyme glutaminase C (GAC) is overexpressed in a variety of cancer cells 

in order to satisfy the ‘glutamine addiction’ exhibited by many types of cancer. This has 

resulted in an increased interest in glutaminase as a potential therapeutic drug target, with 

several drugs already in clinical trials. One class of glutaminase inhibitors is based on the 

lead compound BPTES class and consists of linear molecules with flexible linker domains 

and terminal rings. Despite the overall structural similarities between compounds within this 

class, they display a range of potencies. X-ray structures obtained at cryogenic temperatures 

were unable to distinguish between the binding mode of members of this inhibitor class 

despite significant differences in their potency for inhibiting GAC, making it challenging 

to use these structures to identify the chemical determinants for potency and thus for 

the rational design of better drug candidates. However, by using serial room temperature 

crystallography, we recently were able to identify a new conformation of BPTES bound 

to GAC, showing a disrupted hydrogen bond and an increased amount of flexibility in the 

binding site that could explain its decreased potency relative to other drug candidates of the 

same inhibitor class (Figure 1).

In addition to identifying conformational changes in inhibitors, room temperature 

crystallography can also be used to identify potential allosteric drug binding sites in 

a protein target for future drug design. These previously undetected ‘hidden’ sites can 

be potentially targeted to modulate GPCR signaling by allosterically altering receptor 

conformation without binding to the orthosteric site. In addition, these sites can also be 

used to develop strategies to target proteins that were previously deemed “undruggable”. For 

example, KRAS is commonly mutated in cancers and is the driving force behind over 90% 

of pancreatic cancers. This protein was previously deemed to be undruggable. However, 

recent efforts to design inhibitors that covalently attach to KRAS(G12C) mutants which are 

GTP hydrolysis-defective, constitutively active, and present in some lung and pancreatic 

cancers (i.e. the ‘G12C’ inhibitors), resulted in the identification of a newly appreciated 

binding pocket that lies between the switch II region and the nucleotide binding site. 
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These inhibitors have recently been examined in clinical trials and shown some exciting 

success. For proteins that have previously been studied using cryo-cooled crystallography, 

revisiting their structures at room temperature can allow for the identification of unique 

conformational dynamics in the protein and possibly yield new locations of allosteric 

modulation sites. Since crystallization conditions for these proteins are already known, 

single large crystals can be readily grown from purified protein via hanging or sitting drop 

crystallization, and then examined at room temperature without the use of cryoprotectant. 

These large crystals are selected using crystal loops and protected by a long clear polyester 

capillary tube (MiTeGen) that slides over the crystal. Using this technique and a micro-

focused X-ray beam, large single crystals can be vector scanned multiple times at different 

starting points around the crystal. This allows for the collection of numerous slices across 

the length of a single crystal and helps prevent radiation damage while benefiting from room 

temperature data collection.

The other major advantage of room temperature serial crystallography is the ability to probe 

dynamics and capture intermediate conformational states with time-resolved crystallography 

studies. There are two main types of stimuli for time-resolved experiments: light-activated 

reactions and ligand-binding studies, and both techniques can be performed at XFELs 

or synchrotrons. Light-activated reactions have been successfully observed, particularly at 

synchrotrons, and can be used in combination with viscous jets or fixed target sample 

delivery methods. The major limitation to this technique is that most proteins (>99%) are not 

light-active.

A more widely applicable approach is probing ligand-binding on the millisecond to 

second scale using microfluidic mixers. Many proteins have been shown to be able to 

undergo catalysis and ligand binding in crystallo suggesting that protein conformational 

dynamics within the crystal can yield important mechanistic insight. Mix-and-inject serial 

crystallography (MISC) was first pioneered at XFELs with the use of flow-focused diffusive 

mixers, which use an external ligand containing sheath flow to thin down a central 

microcrystal stream, enabling rapid diffusion of ligand into the protein crystals to initiate the 

reaction18–19. To help drive rapid mixing, the ligand needs to be relatively small and highly 

soluble. This technique has been used successfully to monitor the binding of ceftriaxone and 

sulbactam, an antibiotic and an inhibitor, to β-lactamase from Mycobacterium tuberculosis 
(BlaC), and has helped to reveal important information about how this reaction proceeds 

differently in the various protein subunits20–21. There have also been efforts to perform 

time-resolved mixing experiments at synchrotrons. Fixed target approaches rely on ligand 

containing picoliter-sized droplets to be sprayed onto crystals, while others employ a 

MISC style and use a microfluidic mixer in conjunction with a tape-drive to carry freshly 

mixed crystals into the X-ray interaction region13, 22. It is difficult to use viscous jets 

in combination with rapid mixing experiments, as diffusion is much slower in viscous 

media. MISC represents the most promising technique for mixing drug candidates with 

protein microcrystals for the unprecedented high-resolution characterization of intermediate 

conformational states. This information will be vital in understanding drug binding and the 

subsequent inhibition mechanisms, which can help drive future drug development.
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Cryogenic electron microscopy (cryoEM)

The resolution revolution of single-particle cryogenic electron microscopy (cryoEM) has 

produced protein structural models for several challenging drug targets including large 

protein complexes and membrane proteins such as ion channels, transporters, and receptors 

(Figure 2A) 23–27. One example is the determination of the structure of a GPCR/G-protein 

complex of the glucagon-like peptide-1 receptor (GLP-1R) bound to a small molecule 

inhibitor (PF 06882961)28. Using a 200kV microscope, Zhang et al were able to solve a 3.2 

Å structure of the inhibitor bound complex, allowing for the generation of a high-quality 

atomic model, and demonstrating that this approach can be broadly applicable to other 

protein targets for SBDD (Figure 2B). CryoEM also offers the opportunity to observe high-

resolution conformational dynamics, which can play an important role in SBDD especially 

in the discovery of hidden allosteric binding sites on protein targets29–31.

Although cryoEM has the potential to accelerate SBDD for difficult protein targets, it 

currently faces some limitations. Despite the rapidly increasing ability of cryoEM to obtain 

high-resolution structures, true atomic level information (i.e. <2 Å) is still largely out 

of reach in practical applications. Indeed, there have been cases in which proteins with 

highly symmetric structures have been solved to very high resolution, including a 1.15Å 

reconstruction of human apoferritin32. However, the vast majority of available cryoEM 

structures are within the 2.5-4.0 Å range, which can sometimes contain local resolutions 

that are too low to unambiguously place drugs and amino acid sidechains into the cryoEM 

density map. Furthermore, with single-particle analysis limited to samples with molecular 

mass of approximately 40 kDa and larger, this technique is not ideal for analyzing lower 

molecular mass proteins such as small GTPases that fall in the 19-25 kDa range33. 

Additionally, as is the case with X-ray crystallography, cryoEM faces challenges in dealing 

with the conformational flexibility of intrinsically disordered proteins, which have gained 

significant interest as potential therapeutic drug targets34–38. These limitations, however, 

could potentially be overcome through technical advances in the development of electron 

detectors and phase plates39–41.

Unlike X-ray crystallography, the lower throughput of CryoEM makes it less attractive 

for drug discovery pipelines. In the case of X-ray crystallography, once a crystallization 

condition is known for a given protein target, crystallization of protein-drug complexes 

can be done rapidly and with high-throughput, given the availability of crystallization 

robots that set up 96-well trays. Additionally, the data processing pipeline in X-ray 

crystallography is well defined and for proteins with known structures or proteins highly 

similar to previously solved protein structures, phasing by molecular replacement can 

enable structure determination from a set of diffraction images within minutes. Automated 

cryoEM data processing driven by machine learning approaches is increasingly becoming 

a reality; however, it still requires the use of expensive multi-GPU workstations for fast 

processing42–44. The raw micrographs and the processed data also demand a significant 

amount of storage space, on the order of terabytes, whereas a completely processed 

crystallography data set typically requires no more than a few gigabytes of storage45–46. 

These challenges could be overcome by decreases in the cost of high-speed computer 

storage and processing as well as advances in computer hardware such as GPUs and SSDs.
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Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) is a solution-based X-ray scattering technique that is 

capable of yielding low-resolution (10-15 Å) structural information while providing valuable 

insights into a variety of biophysical properties of a protein (overall shape, oligomeric state, 

intrinsic stability, flexibility of proteins and protein complexes) which can play an important 

role in human disease47–48. One of the primary advantages of SAXS is that the sample 

preparation is straightforward. A pure protein sample is simply analyzed in its storage buffer, 

which allows the molecule to explore its entire range of motion and exist in a variety of 

conformational states. Any partners, such as native ligands or potential drug candidates, 

can be simply added to the solution to see their effect on the overall conformation of 

the protein. Advances in the automation of SAXS sample loading and data collection at 

synchrotron sources enables high-throughput measurements, with the capability to screen 

nearly 100 samples in less than 5 hours49–50. Thus, SAXS can be more high throughput than 

high-resolution structural techniques as there is virtually no bottleneck in sample preparation 

which is advantageous for drug discovery49. Although SAXS is not suitable for generating 

high-resolution structural models, it can readily integrate high-resolution data using hybrid 

modeling approaches to investigate protein structure in a near-native environment51.

Although SAXS has not yet been widely applied in drug screening, it has been used to 

investigate protein targets that are important to human diseases, including the epidermal 

growth factor receptor (EGFR), a receptor tyrosine kinase that is frequently mutated and 

overexpressed in cancers52–54 . Activation of the receptor occurs when it binds to one of its 

several extracellular ligands leading to its dimerization and autophosphorylation, resulting 

in the activation of downstream signaling pathways such as Akt and MAPK, which both 

contribute to cell proliferation and survival55–58. Interestingly, the structure of the activated 

EGFR dimer is dependent on the ligand, with EGF inducing a long-lived symmetric 

dimer and epiregulin inducing a short-lived asymmetric dimer59. Using SAXS, Hu et al 
investigated the effect of extracellular mutations on the structure of EGFR dimers and found 

that they resulted in enhanced dimerization upon binding of ligands that normally induce 

weaker dimers, suggesting that these mutations impair ligand discrimination and increase the 

amount of active EGFR dimers60. Peptides that disrupt EGFR dimerization have recently 

been investigated as a potential treatment option for drug-resistant cancers, suggesting that 

disrupting EGFR dimerization may be a viable approach for future drug development61–62. 

SAXS is well suited to play an important role as a high-throughput screening method for 

EGFR dimerization, providing a direct structural readout of a drug candidate’s ability to 

impact dimer formation. To demonstrate this, the theoretical X-ray scattering profiles of the 

EGFR monomer and dimer (PDB ID: 5WB7 chains B and C) were determined using the 

Fast X-ray Scattering (FoXS) web server (Figure 3A). These scattering profiles were then 

used to calculate the radius of gyration, Rg, a parameter that is extracted from the lowest 

angle part of the scattering profile via Guinier analysis and can be used to describe the size 

of a molecule in solution50. Using this approach, the Rg of the EGFR monomer was found 

to be ~27 Å and the Rg of the EGFR dimer was ~39 Å, demonstrating a simple and direct 

readout for EGFR dimerization. In addition to detecting oligomerization, SAXS can also be 

employed to investigate protein-protein interactions that play an important role in human 
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disease63–65. For example, C-terminal peptide fragments of G alpha subunits have been used 

to modulate GPCR signaling by competing with the native G-proteins and blocking GPCR 

signaling66–67. This presents an opportunity for using SAXS as a high-throughput approach 

for screening peptides for the disruption of GPCR/G-protein complexes.

SAXS can also be used to measure protein conformational changes that are associated 

with disease states and has the potential to screen conformational state inhibitors that are 

able to trap a protein target in a desired conformation. Many proteins exist in multiple 

conformations dependent on the environmental conditions or ligand binding, and this has 

previously been shown to play an important role in several diseases including Alzheimer’s 

disease and liver disease68–69. For example, the enzyme tissue transglutaminase (tTG) 

is frequently overexpressed in cancer and has been implicated in a number of diseases 

including celiac disease and neurodegenerative disorders70–72. tTG can adopt two strikingly 

distinct conformations, designated as open and closed state conformations that are regulated 

by calcium and guanine nucleotide binding, respectively73–74. The transitions between 

these two conformational states involve large-scale rearrangements of the C-terminal 

beta barrels, resulting in a displacement of greater than 100 Å. Previous studies have 

shown that nucleotide binding-defective mutants, which can only adopt the open state, are 

cytotoxic to cancer cells that overexpress tTG75–77. This finding led to the development 

of conformational state inhibitors of the enzyme, which are able to trap tTG in an open 

state conformation and have been effective in killing cancer cells78. To demonstrate that 

this conformational change can be detected by SAXS, theoretical scattering profiles were 

calculated using FoXS and the previously published crystal structures of the open and closed 

state of tTG (PDB ID 2Q3Z and 1KV3, respectively)73–74. By again comparing the Rg of the 

open state (~37 Å) and the closed state (~28 Å), the two species can be distinguished with 

relative ease (Figure 3B). The data of Figure 3B are displayed as Kratky plots (scattering 

intensity times angle squared as a function of scattering angle (or q)). Kratky plots are a 

useful tool for exploring or comparing the size and compaction of different samples50.

SAXS is also capable of studying samples that have a high degree of flexibility including 

proteins that have flexible linker regions, have been unfolded or denatured, or are 

intrinsically disordered (IDPs)79–80. Proteins with high levels of flexibility are difficult to 

study using cryoEM due to the averaging out of dynamic motion during particle alignment 

and can be extremely difficult to crystallize due to the large conformational landscape these 

proteins occupy. SAXS can be used to describe the conformational ensemble of a protein in 

solution and is particularly powerful when paired with computational techniques to sample 

the conformational space of an input protein structure79, 81. Drugs that bind to IDPs are 

likely to push the conformational equilibrium of the IDP towards a distinct state compared 

to that for IDP alone in solution, resulting in changes to the scattering profile37, 82–83. SAXS 

can also provide structural information about protein unfolding and therefore could be used 

to identify compounds that destabilize or prevent the correct folding of a protein, as well as 

the degree to which the drug denatures the target84–85.

In addition to providing steady-state structural information of a drug target, SAXS is also 

amenable to time-resolved studies86. This allows for investigation of intermediate structural 

states induced by several biological phenomena, including temperature or pH changes, 
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photoexcitation, or ligand binding by biomolecules such as proteins and nucleic acids. 

Intermediate conformational states have recently been investigated as a potentially untapped 

opportunity to find new inhibitors for several important drug targets87–90. Time-resolved 

SAXS (TR-SAXS) has the potential to probe conformational intermediates and could be 

used to investigate the effect of drug binding on the longevity of intermediate states91–92. 

Because of the demands of both the experimental setup and data analysis required for 

dynamic studies, which often relies on small signals, TR-SAXS is not yet ideal for use as a 

high-throughput approach. Once drug targets are more narrowed down, however, TR-SAXS 

is well suited to help elucidate the mechanism of the drug through its ability to capture 

intermediate conformations, providing a foundation for TR-SAXS as a drug-screening 

method.

Additional techniques and Conclusions

In addition to the techniques described above, Nuclear Magnetic Resonance (NMR) can be 

used to investigate the structural basis of protein-ligand and protein-protein interactions93. 

This technique can provide dynamic structural information for small proteins, typically less 

than about 30 kDa, and requires large quantities of pure protein. NMR is well suited to 

study intrinsically disordered proteins, as the protein structure is presented as a dynamic 

series of probabilistic conformations. Protein structural models can also be obtained using 

computational methods including homology modeling, bioinformatics, thermodynamics, and 

more recently artificial intelligence and machine learning94–96. Although computational 

models can provide insight for proteins with an unknown tertiary fold, the accuracy of these 

predictions are case by case dependent and often must be verified by experimental data.

In this perspective, we highlighted recent advances in structural biology that can be used 

to better inform the structure guided drug discovery effort. Although the immediate future 

of the field is likely to continue to be dominated by cryo-cooled crystallography, emerging 

techniques such as room temperature crystallography, cryoEM, and high-throughput SAXS 

offer exciting possibilities for providing unique insights into the dynamic motion of proteins 

and identify important details in the effects of drug binding. These techniques are all 

amenable to time-resolved studies, allowing for the discovery of new protein conformational 

states that can be investigated for SBDD.
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Figure 1. 
Comparing the serial room temperature and cryo-cooled X-ray crystal structures of BPTES 

bound to GAC. A) The serial room temperature crystal structure of BPTES bound to 

GAC (light yellow) adopts an extended, semi-linear conformation. B) The cryo-cooled 

crystal structure of BPTES (PDB ID 4JKT) bound to GAC (light cyan) forms a “cup-like” 

orientation. BPTES is color coded by B-factor. B-factors represented by blue to green colors 

suggest regions of little movement, while red and orange colors suggest regions of greater 

movement. The distance between the terminal rings of BPTES are measured in Å and are 

indicated in the figure.
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Figure 2. 
Panel A: Examples of high-resolution structures of protein-inhibitor complexes obtained 

using cryoEM. From left to right, the GLP-1R:Gs PF inhibitor complex, the Serotonin 

receptor bound to granisetron (2.9 Å, PDB ID: 6NP0), and the pancreatic beta-cell KATP 

channel bound to glibenclamide (3.63 Å, PDB ID: 6BAA). Panel B: Atomic model from 

a 3.2 Å cryoEM structure of the glucagon-like peptide-1 receptor (GLP-1R):Gs complex 

bound to a small molecule inhibitor (PF 06882961), obtained with a 200 kV electron 

microscope (PDB ID: 7LCI, EMDB: 23274). The cryoEM map is shown within 2.5 Å of key 

residues and the inhibitor.
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Figure 3. 
Theoretical SAXS profiles of two potential protein targets, determined using the Fast X-ray 

Scattering (FoXS) web server. Panel A shows a Lin-Lin plot for the scattering of the EGFR 

monomer and dimer (green and dark green, respectively. PDB ID: 5WB7). Panel B shows a 

Kratky plot of the X-ray scattering of tissue transglutaminase (tTG) in the open (Red, PDB 

ID: 2Q3Z) and closed (Blue, PDB ID: 1KV3) conformational states.
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